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(From the Departments of  Comparative Physiology and Medicine of the Harvard
Medical School, Boston.)
(Received  for  publication,  May  31,  1916.)
Our first investigations established the facts that the blood pressure
and  the  vasoreflexl  mechanism are not,  as  a rule,  seriously impaired
in pneumonia  and that hearts  from dogs  dead  of  this  disease  con-
tract normally  when supplied  with normal  blood.2 In  the course of
these  experiments  it  was  often  observed  that the respiration  failed
before the circulation;  if artificial respiration  was  provided,  the heart
would continue to beat sometimes an hour or more after spontaneous
breathing had failed.  We therefore resolved to compare the condition
of  the  respiratory  mechanism  in healthy  cats and dogs with its  con-
dition in animals infected  with pneumonia.
*Earlier  papers  in  these  studies  of  pneumonia  are  as  follows:  Newburgh,
L. H., and Minot, G. R., Arch. Int. Med., 1914, xiv, 48.  Porter, W. T., and New-
burgh, L. H., Boston Med. and  Surg. J., 1914, clxx, 125.  Means, J. H., Newburgh,
L. H.,  and  Porter,  W.  T.,  Boston Med.  and Surg. J.,  1915,  clxxiii,  742;  1916,
clxxiv, 464.  Porter, W. T., Newburgh, L. H., and Newburgh, I., Am. J. Physiol.,
1914,  xxxv,  1.  Newburgh  and  Porter,  J. Exp. Med.,  1915,  xxii, 123.  The  first
study  cited  consisted  of measurements  of  the  blood  pressure  in patients  with
pneumonia  by Dr. Newburgh  and Dr. Minot  in  the wards of the Massachusetts
General Hospital.  The remaining studies are of  experimental pneumonia.  These
investigations,  as  well as  the present  research,  were made  in  the Laboratory  of
Comparative Physiology  of the Harvard  Medical School, and under its direction.
The  cost  of  the present  research  was  met  in part by a grant  from the Proctor
Gift, contributed  by the Department of Medicine of the Harvard Medical School.
t Dalton Scholar in  the Massachusetts  General Hospital.
I Henry P. Walcott  Fellow in Clinical  Medicine,  Harvard University.
Porter, Newburgh,  and Newburgh,  Am.  J.  Physiol., 1914,  xxxv,  1.
2 Newburgh,  and Porter, J. Exp. Med.,  1915, xxii, 123.
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A method devised by Haldane  and his  associates may be  used for
this  purpose.  When  an animal  breathes  through a closed  system of
tubes,  the carbon  dioxide  in the inspired  air progressively  increases.
In normal  animals,  this increase  in the carbon  dioxide  stimulates  the
respiratory  center  and causes  a  corresponding  increase in the volume
of  the  air passing in and  out of  the  chest.  Thus,  in cats  and  dogs,
when  the  carbon  dioxide  rises  to 3 per  cent,  the  volume  of  the  air
inspired is usually doubled.  The condition of the respiratory mechan-
ism may  be measured  by the  volume of  air breathed  per  minute  as
the carbon dioxide in the inspired air rises from 1 to 5 per cent.
It  will  be  shown  in  this  investigation  that  the  reaction  of  the
respiratory  mechanism  to  carbon  dioxide  is  greatly  diminished  in
pneumonia.
Method.
Cats  and  dogs  were  employed,  and  ether  was  given  in  all  pro-
cedures that might cause pain.
The  organism  used  was  the  Bacillus pneumonice  of  Friedlinder
obtained  from  the stock  culture  in the Bacteriological  Laboratory3
of  the  Harvard  Medical  School  through  the kindness  of Dr.  Sisson.
This  culture  had  been  used  for  experimental  pneumonia  for  18
months  or  more.  It  was  isolated  originally  by  Dr.  A.  E.
Steele  from  a  patient  in  the  Massachusetts  General  Hospital.
The  organism  was  passed  through  three  guinea  pigs  to  increase
the virulence  to  such  a  degree that  1 cc.  of a broth  culture  injected
into  the peritoneum  killed  a guinea  pig  in  12  hours.  The  virulence
was maintained at this point by occasional passage through additional
guinea  pigs.  Some  months  after  beginning  the  research,  the  stock
culture  was  rejuvenated  by  a  bacillus  from  a  case  of  Friedliinder's
septicemia, for which we  are indebted to Dr.  Steele.
Pneumonia  was  produced  by  injecting  into the  trachea  broth  cul-
tures incubated  from  18 to  24  hours.  The quantity  injected varied;
3 We are indebted  to Dr. Calvin  C.  Page  for the  bacteriological  examinations
of  the  culture.  He  found  that  the  culture  corresponded  morphologically  and
biologically  with  published  descriptions  of  B.  pneumonice.  Nine  different
sugars were used  for fermentation.  The  two strains fermented  the  same sugars,
but the amount  and time  of maximum  gas  formation  varied  slightly.
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we  found that  2 cc.  per  kilo  of  body  weight  caused  death  in  dogs
usually in about 30 hours.  The dogs were given subcutaneously from
0.5  to  1.0  per  cent  of  a  3 per  cent  solution  of  morphine  sulphate,
to  lessen  or prevent  coughing.  The culture  was  injected  after the
method  of  Lamar  and  Meltzer. 4 In  cats,  owing  to  the  small  size
of  the bronchus,  the injection  was  made  into  the  trachea  near  the
bifurcation.5
The course of the disease may be seen from the following protocols.
Dog 9.-Nov.  28,  1915.  11.30  a.m.  Inoculated.
Nov.  29,  9  a. m.  Rectal  temperature  39C.  Breathing  labored  and rapid.
Walks  about  easily.  Restless.
4 p.m.  Temperature  39C.
6 p.m.  Temperature 37C.,  Unsteady.
7.30 p.m.  Temperature 36 0C.  Lies  on one side.  In coma.
8.10 p.m.  Convulsion.  Breathing stops.  Artificial respiration.
8.45 p.m.  Apex beat of heart can still be seen.  No corneal  reflex.
9.30 p.m.  Heart beat ceases.
Dog 14.-Dec.  10,  1915.  10 a.m.  Inoculated.
Dec.  11,  9 a.m.  Temperature  40°C.  Respiration  rapid  and  labored.  Can
stand,  but prefers  lying  down.  Restless.
10.30 a.m.  Temperature 39C.
1.30 p.m.  Temperature  38.2°C.  Able to stand.
3.00 p.m.  Temperature  38°C.  Cannot stand or sit up.
4.10 p.m.  Temperature  37 0C.  Coma.
6.45 p.m.  Temperature 350C.  Corneal reflex present.
8.20  p.m.  Temperature 35 0C.  Corneal reflex  absent.
8.30 p.m.  Death.
Bacillus pneumonia,  used  as  we  have  described,  is  practically
always  fatal.  The  fatal  issue  is  almost  invariably  preceded  by  a
characteristic  fall  in  temperature.  This  fall  is  so  constant  as  to
form  an admirable  prognostic  sign,  of  much value when it is desired
to measure  the respiratory reaction  shortly before death.  Thus it is
possible  to separate  the  animals  into  two groups,  those whose  tem-
4 Lamar, R. V., and Meltzer,  S. J., J. Exp. Med., 1912, xv, 135.
6As far as we are aware, acute pneumonia in cats was produced first by Porter
and  Newburgh  (Boston Med.  and Surg. J.,  1914,  clxx,  125).  It  was  produced
in  dogs  by  Kinjoun  and  Rosenau  (Bull. Hyg. Lab., U. S. P. H., 1897,  762)  and
by  Lamar  and  Meltzer  (J. Exp. Med.,  1912,  xv,  133).
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perature  is  above  37.5C.  and  those  below  this  level.  The  latter
animals  were always near  death.
The measurements  to be presented in this investigation were made
only  on  cats  and  dogs  which  afterwards  died of  pneumonia, and  in
which  an  autopsy  showed  the presence  of  typical  consolidation.
TEXT-FIG.  1.  The apparatus.  From left to right: the kymograph;  the spirom-
eter;  the  Tissot  valves,  v, v';  the  bottle;  the  mercury  sample  tubes.  The
electromagnetic  time  signal  and the  Haldane  apparatus  are  not shown.
A portion of the apparatus employed  is shown  in Text-fig.  1.  The
tracheal  cannula of the animal in which the respiratory  reaction  was
to be measured was joined to a rubber tube placed between two Tissot6
valves  connected  in  such  a  way  that  the  animal  breathed  into  a
spirometer 7and out of a bottle connected in its turn with the spirom-
eter,  so  that the lungs, the spirometer,  the bottle, and the  connecting
tubes  formed  a  closed  system.  Evidently  by this  arrangement  the
volume  of  the air passing into and out of the chest was recorded  by
the spirometer,  while  the carbon  dioxide  exhaled by the animal con-
stantly accumulated  in  the closed  system.  Samples  of the  air  thus
enriched  with  carbon  dioxide  were  withdrawn  at frequent  intervals
by  the  mercury  tubes  shown  in  Text-fig.  1.  As  each  sample  was
taken,  a  mark was  made  on  the  spirometer  record  above  the  time
record  (the electric  time signal is not shown  in Text-fig.  1).  As the
carbon  dioxide  in  the respired  air  increased,  the  spirometer  curve
became  deeper, until the maximum reaction was reached (Text-fig.  2).
6  Metal flap  valves so lightly constructed  as not to impede  respiration.
7  This  quantitative  aeroplethysmograph  was  invented  by  Professor  J.  Gad.
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The  spirometer  was  empirically  graduated  by recording  the  vertical
rise  of  its writing point  with each  increase of  50  cc.  in its contents.
When  the  experiment  was  finished,  the  empirical  graduation  scale
was used  to measure the number of cubic centimeters breathed in the
minute  nearest  the  mark  at  which  the  air  sample  was  withdrawn.
The air in the sample  was  analyzed  for carbon  dioxide  in  a Haldane
apparatus and  the percentage  written  against  the ventilation  (Table
I).  Thus  the  cubic  centimeters  breathed  per  minute as  the carbon
TABLE  I.
The  Reaction  of  the  Respiratory Mechanism  to  Carbon Dioxide  in  the  Normal
Decerebrate Dog (No. 2 A).
Nov.  19,  1915.
Carbon dioxide  in  Respirations  Volume  of  Tidal air  Percentile  increase
the  inspired air.  per min.  each  respiration.  per min.  in  tidal air.
per cent  CG.  CC.  per cent
Room air.  26.5  200  5,300
1.50  30.0  215  6,450  21
2.74  35.0  280  9,800  85
3.73  36.0  375  13,500  155
4.46  38.0  450  17,100  223
4.86  45.0  450  20,220  282
5.28  48.0  465  22,350  320
dioxide  rose  from  the atmospheric  level  to  5 per  cent  or  more were
recorded  accurately.  When  plotted  on  coordinate  paper  after  the
manner of Peabody,8 as in Text-fig.  3,  a curve results,  expressing  the
reaction  of  the  respiratory  mechanism  to  increasing  quantities  of
carbon dioxide.  Upon  this curve may be read  the cubic centimeters
breathed per minute at  1, 2,  3,  4,  and  5 per  cent  of  carbon dioxide.
The data for Table II and Tables IV to XI were obtained in this way.
8 Peabody, F. W., Arch. Int. Med.,  1915, xvi, 851.
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TEXT-FIG.  3.  Volume  of tidal air in  two normal  dogs; the upper curve with-
out decerebration;  the  lower with decerebration.  The data  for the  decerebrate
curve  are given in Table I.  The  numbers at the left of the figure give the per-
centile increase in tidal air; the numbers below give the per cent of carbon dioxide.
TABLE  II.
The Efect of Ether upon the Respiratory Reaction to Carbon Dioxide in the Dog.
Apr.  13,  1916.
Carbon  dioxide  Percentile  increase  in  tidal  air per min.
in the  inspired  air.
20  min. after ether.  35  min.  after ether.
per cent  per cent  per cent
1  15  18
2  28  56
3  50  118
4  102  190
5  152  302
3
2
I(
A  I  d  j  '+  J
589RESPIRATORY  MECHANISM  IN  PNEUMONIA
In  certain  dogs,  ether  was  used  for  some  operation  preliminary
to  the  carbon  dioxide  test.  Ether  lowers  the  irritability  of  the
respiratory  mechanism.  Thus  in the  experiment  of  April  13,  1916,
a  dog weighing  4.5  kilos was  etherized  and  tracheotomized  at  10.45
a.m.  At  11.05  and at  11.20  a.m. the  carbon  dioxide  reactions  were
measured.  They  were  as  shown  in  Table  II.  The  depression  of
the respiratory  mechanism from ether  is very evident.  Where  ether
is  used,  time must  be  allowed  for its  elimination.
It  need  hardly be  said  that before  each  experiment  the  spirom-
eter,  bottle,  and  connecting  tubes  were  washed  free  of  carbon
dioxide,  except  that  in  room  air.  Since  the method  consists  of a
comparison  of  the  volume  breathed  per  minute  in  atmospheric  air
with that breathed when the air contains  increasing quantities  of  car-
bon dioxide, it is important that the initial  or  atmospheric  ventilation
should be accurately recorded, and the animal must  therefore  be  kept
quiet.  Ether is, of course, excluded, as we have already  pointed  out.
It is known that morphine and chloral also depress the respiratory cen-
ter.  Urethane cannot be used, as is shown by the experiment recorded
in  Table III.  It  appears  from  Table  III  that  with  urethane  the
TABLE  III.
The Effect  of Urethane upon the Respiratory Reaction to Carbon Dioxide in the Cat.
Sept. 15,  1915.
Carbon dioxide  in  Resplirations  Volume  of  Tidal  air  Percentile  increase
the  inspired air.  per min.  each  respiration.  per  min.  in  tidal air.
per  cent  cc.  cc.  per  cent
Room air.  52  19  987
0.60  50  22  1,100  11
2.05  48  26  1,249  26
3.41  50  32  1,600  62
4.45  53  35  1,855  88
5.18  55  41  2,255  128
5.94  59  48  2,830  187
cubic  centimeters  breathed per  minute when  the  carbon  dioxide  in
the  inspired  air  was  5 per  cent had  increased  in  the urethane  cat
only about  120 per  cent, whereas,  reference  to Table VIII  will  show
that  the  normal  increase  should  be  about  285  per  cent.
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Not  being  able  to  keep  certain  animals absolutely  quiet with  a
drug that would not depress  the  respiratory  center,  we  resorted  in
these  cases  to  decerebration  under  ether  anesthesia.  The  pons
was  divided by a  seeker  sufficiently  blunt to  prevent  injury  to  the
blood  vessels.  Time was  allowed  for elimination  of  the ether neces-
sary  to  produce  narcosis.  Both  the  normal  and  the  pneumonic
cats  were  decerebrated.  The  normal  dogs  were  also  decerebrated,
but the pneumonic  dogs  were measured  after  the  disease  had  made
them  lethargic  or  comatose.
All  the  animals in which  the  respiratory function  seemed  injured
by decerebration  were  excluded.  As a rule,  the respiration  and  cir-
culation  are wholly  normal  after  decerebration.  The animals  often
lived  many  hours  after  this  operation.  Cats  lived  several  days.
Nevertheless,  it  seemed  desirable  to  make  sure  by  a  quantitative
test that  decerebration  did  not  depress  the  respiratory  mechanism.
An additional  reason  was  that  no one,  as  far as  we  are  aware,  had
previously  measured  the  carbon dioxide  reaction in a normal  or in a
decerebrate  dog.  On  April  13,  1916,  we  accordingly  measured  the
carbon dioxide  reaction in a dog  wholly  normal  except  for a trache-
otomy tube.  The increases  in tidal air as the inspired carbon dioxide
rose  from  1 to 5 per  cent  were  18,  56,  118,  190,  and  302  per  cent,
respectively.  These  are  compared  in  Table  IV  with  the  averages
TABLE  IV.
The Respiratory Reaction to Carbon Dioxide in a Normal Dog (Tracheotomy Only)
and in Normal Decerebrate  Dogs.
Carbon dioxide  Percentile  increase  of tidal air  Average  percentile  increase  of
in  the  inspired  air,  in  a  normal  dog.  'tidal air in decerebrate  dogs.
per  cent  per cent  per  cent
1  18  19
2  56  48
3  118  96
4  190  182
5  302  285
obtained  from  normal  decerebrate  dogs.  It  is  obvious  that  decere-
bration does not impair the reaction of the  respiratory mechanism  to
carbon dioxide.
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We pass now to a general  criticism which at first  seems important
but  which  upon  reflection  is  easily  proved  fallacious.  Since  the
volume  of  the  tidal air in  animals  with  pneumonia  is  often greater
than  the  tidal  air  in  normal  animals,  it  might  be  supposed  that
pneumonia animals do not increase  their respiration when stimulated
by carbon  dioxide  because  they  are  already  breathing  as  much  as
they can.  That this is not a source of error is demonstrated by com-
paring  the  average  carbon  dioxide  reaction  of  animals  whose  tidal
air  at  the  beginning  of  the  observation  has  in every  case  approxi-
mately  the same  volume.  When  the carbon  dioxide  in  the inspired
air was  2 per cent:
4 normal cats breathed ..................  ........ 1,233  cc. per min.
4 pneumonia cats breathed ......................... 1,232  "  "
Thus the tidal air in both groups was practically equal in volume.
When the carbon  dioxide in the inspired air rose  to 4 per cent,  the
same
4 normal  cats breathed ........................... 2,330 cc. per min.
but  the
4 pneumonia cats breathed ....................... 1,758"  "
Thus at 2 per cent the pneumonia cats and the normal cats breathed
alike, while at 4 per  cent the pneumonia  cats had increased  less than
half  as much  as the normal  cats.
The detailed  observations  of  the four normal  and  four pneumonic
cats are  set forth in Table V.
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TABLE  V.
Pneumonic Cats and Normal Cats May Breathe Practically the Same  Volume  of
Air per Minute at the Beginning of the  Test;  but when  the Inspired Carbon
Dioxide Rises, the  Pneumonic Ventilation Increases Much Less
than the Normal; the same  is true of Pnuemonic Dogs.
Percentile  increase  in cc.  breathed  per min.  as the  inspired  carbon
dioxide  increases  from  1 to  4  per cent. No.  of animal.
1 per cent.  2 per cent.  3 per cent.  4 per cent.
Pneumonic  cats.  cc.  cc.  cc.  cc.
18 B  1,160  1,350  2,020  2,780
22  1,190  1,295  1,430  1,490
23 C  1,070  1,165  1,345  1,720
25*  1,070  1,080  1,090  1,040
Average  .......  1,123  1,223  1,471  1,758
Normal cats.
1 A  1,080  1,360  1,930  2,450
5 B  1,045  1,150  1,250  1,620
6 C  960  1,180  2,020  2,950
15 A  1,005  1,240  1,680  2,300
Average  .......  1,023  1,233  1,720  2,330
* Cat 25  died at the  close  of this  experiment;  the observation  was  excluded
from our final  results (Table IX) because it was so favorable  to our contention.
Similar results were obtained with dogs.  Three dogs, with marked
symptoms  of  pneumonia,  breathed  atmospheric  air  at  the  average
rate  of  about 5,000  cc.  per  minute;  at 5  per  cent  of  carbon  dioxide,
they  increased  the  air  inspired  per  minute  by  85  per  cent.  Three
normal dogs  also breathed about 5,000  cc. per minute; at  5 per  cent
of  carbon  dioxide  the normal  dogs increased  the air inspired  by 216
per  cent.  The data for  these  dogs,  three  normal  and  three  very ill
with pneumonia,  are found in Table VI.
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TABLE  VI.
Three Normal Dogs and Three Very Ill with Pneumonia.  The Initial Ventilation
Is Practically the Same, but when the Carbon Dioxide in the Inspired
Air Rises to  5  Per Cent, the Pneumonic Dogs Give
Scarcely One-Third the Normal Reaction.
Percentile  increase  in  cc. breathed  per  min.  as the  inspired
No.  of  animal.  Initial  ventilation  carbon  dioxide  increases  from  I to  per  cent.
per min.
1  2  3  4  5
cc.  per cent  per cent  per cent  per  cent  per  cent
Normal  decere-
brate dogs.
2 A  5,300  14  47  103  181  293
3 B  4,160  10  22  80  131
16 A  5,360  10  26  63  125  185
16 B  5,320  31  77  137  204  250
16 C  5,800  20  42  69  97  135
Average  ......  5,188  17  43  90  148  216
Pneumonic dogs.
9 D  4,500  15  20  25  33  37
10 B  6,375  11  42  83  94  97
11 A  5,180  19  44  64  94  122
Average  ......  5,352  15  35  57  74  85
Additional  evidence  that the  failure of  the  respiratory  mechanism
in  pneumonia  is  not  due  to  the  encroachment  on  the  respiratory
space  in the  lung is found  in the  observation  that  the area  of  con-
solidation  may  remain  unchanged  while  the  impairment  of  the
respiratory  mechanism  increases progressively.  The respiratory dis-
tress  increases  while  the percussion dullness does not  extend.
Moreover, if the failure to react were due to the loss of respiratory
space from  consolidation  of  the  lung, large  consolidations  should be
accompanied  by a large  reduction in the carbon dioxide reaction, and
small  consolidations  by  small  reductions.  This  is  not  the  case;
there is no parallel between  the area of consolidation  and the amount
of the reaction.
Similar  evidence  may  be  obtained  by  injecting  starch  into  the
lungs.  We have by such injections  solidified  areas  as large  as those
consolidated  in bacterial  pneumonia,  but in these  starch pneumonias
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the  carbon  dioxide  reaction  was  almost  normal.  The  details  of
these experiments  are presented  in Table  VII.
TABLE  VII.
The Reaction to Carbon Dioxide in Dogs in Which Portions  of the Lung Were Con-
solidated by Injecting Starch into the Bronchi.
l  . x  Percentile  increase  in tidal air  per |
No.  Initial  min. as the inspired carbon diox-
of  venti-  - . ide  increases from 1 to 5  Area of consolidation.
ani-  Date.  lation  per cent..
mal.  per min. 
1  2  3  4  5
1916  CC.  per  per  per  per cent  per cent
cent  cent  cent
20  Jan. 27  3,008  37  25  53  90  140  220  Right lower and middle  lobes.
21  "  31  5,400  45  30  60  89  125  183  Right  lower  lobe does not ex-
pand  under  air  pressure;
small  part  of  right  middle
lobe  also  consolidated.
23  Feb. 4  3,500  45  20  40  55  117  250  Fully  half  the  lung  does  not
expand  when  air  is  blown
into trachea.
25  "  5  4,310  72  45  65  110  155  250  Right lower  and half  of right
middle lobes do not distend
with  strong  air blast.
Average ....  4,054  49  30  54  86  134  226
Again, evidence  against a mechanical  explanation  of  the observed
depression  of  the respiratory  mechanism  is afforded by the measure-
ments obtained by Dr. Means from a case of artificial pneumothorax.
In this  patient,  a woman,  the  x-ray  showed  a nearly  complete  col-
lapse of  the  left lung,  from an operation  2 years  before  this  exami-
nation.  The  vital capacity, which  had  been  2.1  liters  before  pneu-
mothorax  was  produced,  had  fallen  to  1.3  liters.  The  average  of
two  determinations  was  an  increase  in  total  ventilation  of  115  per
cent  when  breathing  5 per  cent  carbon  dioxide,  and  162  per  cent
when  breathing  6  per cent.  A  reference  to  Peabody's8 results will
show  that  this  is normal.
Finally,  we call attention  to the fact  that as the disease advances,
the  carbon  dioxide  reaction  diminishes.  If  this  were  due  to  an
increase  in the  volume  of  air breathed  per  minute  at  the beginning
of each  successive  test,  this  initial  volume  should  be greater  as the
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carbon  dioxide  reaction  falls  off,  but the  contrary  is  the  case;  the
initial  ventilation  lessens  with  the  lessening  of  the  reaction.  Dog
6 is an example  of this observation.
Experiment.  Hrs. before  death.
5
3
½
Initial  ventilation
per min.
cc
18,630
13,800
10,400
Increase at 3 per cent
carbon  dioxide.
per  cent
106
60
38
We  conclude  therefore  that  our  method  cannot  be  impugned  on
the ground of a lessening  of respiratory space  in the pneumonic  lung.
The  Reaction of  the Respiratory Mechanism in Pneumonic Cats and
Dogs.
TABLE  VIII.
The  Respiratory Reaction to Carbon Dioxide in Normal Decerebrate Cats.
Percentile  increase  in tidal air  per  min.
as  the  inspired  carbon  dioxide in-
creases  from  1 to 5 per cent.
per cent
11
13
20
20
13
5
8
2
22
20
32
36
7
13
30
20
26
46
30
27
12
24
20
per  cent
55
38
47
50
30
10
17
15
46
30
77
64
26
38
86
40
64
86
58
58
37
61
47
3
per ceit
125
115
112
116
74
35
25
32
96
53
121
96
55
124
68
170
136
112
104
106
131
96
4
per cent
245
254
174
160
98
64
53
152
97
173
151
101
193
134
293
222
195
180
225
248
171
5
per cent
433
410
206
124
80
205
162
327
260
213
361
345
206
370
348
366
253
430
283
596
Dog  No.
6
6
6
A
B
C
Cat No.
1
1
1
1
2
2
4
4
5
5
5
6
6
6
7
'7
7
7
15
15
15
17
Experi-
ment.
A
B
C
D
A
B
A
B
A
B
C
A
B
C
A
B
C
D
A
B
C
Date.
1915
July 21
"  21
"  21
"  21
"  22
"  22
Aug. 20
"  20
"  25
"  25
"  25
"  24
"  24
"  25
"  24
"  24
"  25
"  25
Sept.  22
"  22
"  22
"  23
Initial
ventilation
per min.
cc.
485
473
422
900
585
289
471
444
741
820
695
657
764
845
3  2
492
256
294
776
496
319
238
539
Initial
respirations
per  min.
16
17
17
40
18
6
7
7
57
82
58
35
33
26
18
21
11
14
37
35
15
9
26 Average.  ..
1 2
--- ------ ￿-- i
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TABLE  IX.
The Respiratory  Reaction to Carbon Dioxide in Pneumonic Decerebrate  Cats.
Cat No.
10
10
11
11
18
18
18
22
23
23
23
26
26
26
Experi-
ment.
A
B
A
B
A
B
C
A
B
C
A
B
C
Date.
1915
Sept.
It
4c
{c
c4
it
it  ,
Oct. 
cc
di
it
44
4
it
7
7-
10
10
30
30
30
13
13
13
13
16
16
16
Average ..................
Initial
ventilation
per  min.
cc.
1,171
1,767
4,300
3,000
1,511
1,023
1,025
1,100
1,770
1,485
1,034
2,600
1,809
1,682
1,806
Initial
respirations
per  min.
78
93
216
158
54
46
38
55
59
55
36
65
67
40
76
Percentile  change  in  tidal air per  min.
as  the  inspired  carbon  dioxide  in-
creases  from  1 to  5 per  cent.
per cent
22
15
0
14
14
13
11
8
9
0
3
6
8
0
9
2
per  cent
40
27
6
26
39
33
44
18
19
1
13
12
17
0
21
3
per cent
54
46
18
33 
88
98
81
30
29
7
31
25
26
6
41
4
per cent
134
54
134
170
118
35
36
67
43
27
8
75
5
per cent
112
65
34
95
58
28
2
56
The observations  on normal and pneumonic cats aregiven in Tables
VIII and IX.  They may be summarized as follows:
Carbon dioxide  in  the
inspired  air.
per cent
1
2
3
4
5
Increase  in  volume  of tidal  air  Change  in  volume  of tidal air
in  normal  cats.  in pneumonic  cats.
per cent  per cent
20  9
47
96
171
283
21
41
75
56
It is clear that the reaction of the respiratory mechanism to carbon
dioxide is greatly  diminished.
The  greatly  impaired  reaction  of  the  respiratory  mechanism  in
pneumonia  is  shown  also  by a  comparison  of  the  normal reaction
with  (a)  that of cats moderately  ill with pneumonia and  (b) that of
cats near death with  this  disease.  When the carbon  dioxide in the
inspired air  rose to 3 per cent the volume of the tidal air increased:
ll
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percent
In normal cats ...............................................  96
In cats moderately  ill with pneumonia ..........................  48
,,  9near death  . ...  "I  1 "t  "t  9 near death  "9  cc  ...........................  24
TABLE  X.
The Respiratory Reaction to Carbon Dioxide in Normal Decerebrate Dogs.
Percentile  increase in tidal air per min.
Initial  Initial  as the inspired carbon dioxide in-
Dog No.  Experi-  Date.  ventilation  respirations  creases from 1 to 5 per cent.
ment.  per min.  per min.
1  2  3  4  5
1915  cc.  per cent  per cent  per cen  per cent  per cent
I  A  Nov.  17  3,720  18.6  27  54  96  290
1  B  "  17  2,828  24.0  12  42  80  120  370
2  A  "  19  5,300  26.5  14  47  103  181  293
3  A  "  22  3,490  36.0  17  34  63  174  305
3  B  "  22  4,160  54.0  10  22  80  131
16  A  Dec.  14  5,360  25.5  10  26  63  125  185
16  B  "  14  5,320  28.0  31  77  137  204  250
16  C  "  14  5,800  23.2  20  42  69  97  135
17  A  c"  15  3,880  36.9  44  96  174  314  457
17  B  "  15  3,590  25.6  4  42  100  181
Average ..................  4,345  30.0  19  48  96  182  285
TABLE  XI.
The Respiratory Reaction to Carbon  Dioxide in Pneumonic Dogs.
Percentile  increase in tidal
H  Rectal  Initial  Initial  air per  min. as the inspired
Dog  No.  FxPet. - Date.  d  Hbefore  temper-  ventila-  respira-  carbon dioxide  increases Dgmenaiot.  temper  tion  tions  from  to 5 per cent. death.  ature.  per min. per min.
Temperature  above  37.5° C.
1915  *C.  cC.  cent  cent  cent  cent  cent
6  A  Sept.  27  5½  38  18,630  162  22  63  106
9  A  Nov.  29  8  39  5,400  30  24  87  148  178  211
9  B  "  29  4  39  5,400  30  24  83  127  144  152
10  A  "  30  6  39  4,940  77  76  108  153
14  A  Dec.  11  9  39  7,910  72  10  24  104  175
14  B  "  11  6  38.2  11,280  83.5  5  10  17  25  50
14  C  i  11  4f  38  10,090  84  4  8  12  13  19
Average ....................  6  38.6  9,093  77  15  46  81  95  127
9 This  group includes  two  cats  that died  at the close  of the observation.  If
these are excluded, the increase becomes 24 per cent instead of  12 per cent.L.  H.  NEWBURGH,  J.  H.  MEANS,  AND  W.  T.  PORTER
TABLE  XI-Concluded.
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Percentile  increase in tidal
Dog  No  Experi-  dthHrs. Rectal  Initial  Initial  air per min. as the inspired Dog No.  Expepnn-  Date.  before  temper-  ventila-  respira-  carbon dioxide increases Dament.  temper-  tion  tions  from 1 to 5 per cent. death.  atur.  per min.per min.
11 1  3 1 4 1 5
Temperature  37.5
° C.  and  below.
per  per  per  per  per
1915  °C.  cc.  cent  cent  cent  cent
6  B  Sept.  27  3½  35  13,800  138  8  28  60
6  C  "  27  ½  33.5  10,400  130  18  34  38
9  C  Nov.  29  2  37  6,720  160  31  57  70  72  74
9  D  "  29  i  36  4,500  150  15  20  25  33  37
10  B  "  30  2  37  6,375  85  11  42  83  94  97
11  A  "  29  1  34  5,180  115  19  44  64  94122
14  D  Dec.  11  3  37  10,320  76.5  2  4  12  20  25
14  E  "A  11  35  9,590  68.5  6  12  17  39  50
Average ......... 1........  If  35.6  8,361  115  14  30  46  59  68
The observations upon dogs are given in Tables X and XI.  They
may  be  summarized  as  follows:
Carbon dioxide in the
inspired air.
per cen 
1
2
3
4
Increase  in
volume of tidal air in
normal dogs.
per cent
19
48
96
182
285
Increase  in volume of tidal air in
pneumonic  dogs.
Temperature  ave  doTemperature
37.5C.  37.5C.  or less. per cent  per cent
15  14
46  30
81  46
95
127
59
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These  observations  are  shown  graphically in Text-fig.  4.  Text-
fig.  5 reproduces  the spirometer curves of  a normal and a pneumonic
dog.
TEXT-FIG. 4.  The  increase  in  tidal  air  in  normal  decerebrate  dogs  (upper.
most  curve),  in pneumonic  dogs with  temperature above 37.5° C.  (middle curve),
and  in  pneumonic  dogs  with  temperature  37.5° C.  and below (lowest  curve).
The  numbers at the  left  give  the  percentile  increase  in tidal air;  the  numbers
below  give  the per  cent  of  carbon  dioxide.  The  data for these curves  are the
averages  in Tables X  and XI.
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TEXT-FIG.  5.  A  comparison  of  the  pneumonic  and  the  normal  respiratory
reactions to carbon dioxide.  The two upper curves show the tidal air at 1 and 5
per cent  of carbon  dioxide  in Dog  14,  Dec.  11,  1915, 5 hours  before  death  from
pneumonia.  The two lower curves show the tidal  air at 1 and 5 per cent of car-
bon  dioxide in a normal decerebrate  dog, Dec.  15,  1915.
It  will  be noted  that the  pneumonic  dogs  are  divided  into those
moderately  ill  (rectal temperature  above 37.5 0C.)  and those  gravely
ill (temperature  37.5C. or less).  The result of  the disease is clearly
seen  by  a  comparison  of  the  reactions  of  these  groups  when  the
inspired  air  contained  5  per  cent  of  carbon  dioxide.
Reaction  at 5  per cent  of  carbon dioxide:
per ceng
In normal dogs ............................................... 285
In dogs moderately  ill with pneumonia ........................... 127
" "  gravely ill with pneumonia ..............................  68602  RESPIRATORY  MECHANISM  IN  PNEUMONIA
The  progressive  loss  of  the  respiratory  reaction in  pneumonia  is
well shown by  the observations made  on Dog 9, 8, 4, 2, and  hours
before  death.
Percentile increase in tidal air of Dog 9 as the carbon dioxide in the
inspired air rose  from I to 5 per cent.
1  2  3  4  5
Hrs. before death.
8
4
2
t
per cent  per cent
24  87
24  83
31  57
15  20
These  observations
per cent
148
127
70
25
are  shown  graphically  in
per cet  pC
178
144
72
33
Text-fig.  6.
rcent
211
152
74
37
TEXT-FRG. 6.  The  reaction  to  carbon  dioxide  in  Dog 9,  Nov.  29,  1915,  8,
4,  2,  and  hours  before  death  from  pneumonia.  The  numbers  at  the  left
give  the percentile  increase  in tidal air as  the  carbon dioxide  inspired increases;
the numbers  below indicate  the per cent of carbon dioxide.  It is clear that  the
respiratory  mechanism  fails steadily.
The  pneumonias  thus  far  presented  have  been  produced  with
Bacillus pneumrni,  which is not often seen in clinical practice.  The
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ordinary pneumonia is caused  by the pneumococcus.  We find,  how-
ever, no essential difference  in the action of this organism-the  reac-
tion of the respiratory mechanism  to carbon dioxide is lessened  and
finally abolished with the pneumococcus  as with the bacillus of Fried-
lander.  The following  experiment  is instructive.
On  Apr.  12,  1916,  a dog  weighing  13.5  kilos received  in the  right  bronchus
58 cc. of a liquid culture'l of the pneumococcus.  On Apr.  13 the rectal  tempera-
ture at 9.30 a.m.  was 390 C.  The dog was tracheotomized  at this time.  At 9.45
a.m. the first  carbon dioxide reaction was  taken; the dog was able to walk about.
At 3 p.m. the temperature  was  39.90 C.; the  dog could  not maintain  the sitting
position;  the second carbon dioxide  reaction was measured.  At 5 p.m.  the tem-
perature  was 39.70 C.;  the dog was  semicomatose;  the third  carbon  dioxide  re-
action  was  measured.  At 6.20 p.m. the temperature was  39.7° C.; deep  coma;
corneal  reflex  present; hind  legs  becoming stiff;  head slightly  retracted;  carbon
dioxide reaction absent.  At 6.30 p.m. the dog died.  The autopsy showed typical
red hepatization  of the whole right lower, one-half the right middle, and one-half
the right upper lobe.
The measurements in this dog were  as follows:
Percentile  change in cc.  breathed per min. as the carbon dioxide in the
inspired air rose from I to 5 per cent.
Hrs.  before  1  2  3  4  5
death.  per cen  per cent  per cent  per cent  per cent
81  13  28  43  57  114
3i  7  18  40  100  171
1½  No reaction.  5  27
Although the course  of the temperature  differs in this animal from
that usually  observed  with  Friedlinder's  bacillus,  there is no differ-
ence  in the failure  of the respiratory  mechanism."
CONCLUSIONS.
1. The  reaction  of  the  respiratory  mechanism  to  carbon  dioxide
is  greatly  diminished  in  pneumonia.
2.  The graver  the disease,  the  less  the reaction.
10 The culture medium  is glucose  broth  to  which  calcium  carbonate  has  been
added.
1 We  take pleasure  in  acknowledging  our  indebtedness  to  the  industry and
devotion  of Mr. Luigi  Freni, nine years an assistant in this laboratory.
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